Second, Using Taylor's (2002) century-long exchange rate data for 11 developed countries with the US dollar as a base currency, we find an important role of relative price adjustment in real exchange rate dynamics when real shocks occur. We also find that relative prices often converge at a slower rate than nominal exchange rates when relative price shocks occur. 2 Third, we observed protracted responses of the real exchange rate more often when real shocks occur.
Such hump-shaped responses are observed a lot less frequently when there is a nominal exchange rate shock. These findings are consistent with Steinsson's (2008) results from his underlying microfounded sticky price model. We also implement variance decomposition analysis. For majority countries, we find that nominal exchange rates hardly explain variations of relative prices, while relative prices explain a great deal of variations of nominal exchange rates in the long-run, which implies that the relative price serves as an attractor for the nominal exchange rate.
The present paper is organized as follows. In Section 2, we outline our baseline VECM and demonstrate that VECMs may be of limited usefulness under a certain circumstances. It will also provide some pretest results. Section 3 reports estimates for relative contributions of the nominal exchange rate and the relative price in PPP reversion. In section 4, we report the estimates for an array of metrics including the half-life, up-life, and quarter-life along with some test statistics for the hump-shaped dynamics. The variance decomposition estimates are also reported. Section 5 concludes.
The Econometric Model and Pretest Results

The Model
Let   be the log nominal exchange rate as the unit price of the foreign currency in terms of the domestic currency.  is the log relative price,   −  *  ,w h e r e  and  *  are the log domestic price and the log foreign price, respectively. The log real exchange rate (  )i s  −  .
When   and  are individually (1), but cointegrated with the cointegrating vector [1 − 1],t h e Granger Representation Theorem (Engle and Granger, 1987) implies the following VECM of   and  .
where a is a 2 × 1 vector of constants,  −1 denotes the error correction term, and 's are the convergence rates of   and  . C is a 2 ×2 matrix that describes contemporaneous relations between structural shocks    and   .E q u i v a l e n t l y ,
where  =[1 − 1] 0 is the the known cointegrating vector and
It should be noted that the system (1) allows different convergence rates for   and  toward PPP, while the conventional univariate equation approach of real exchange rates implicitly assumes the same
That is, the conventional single equation approach typically employs the following regression equation.
where   denotes a real exchange rate shock that is a composite shock of    and   in (1).
However, it is well-known that the benefit from such generalization is limited when either   or  is weakly exogenous ( 1 =0or  2 =0 ). We show that even when  1 6 =0and  2 6 =0 , there is no gain of using the VECM (with respect to measuring speeds of reversion separately) over the univariate equation
for the cases described below.
Remark: When  =0 , nominal exchange rate shocks and relative price shocks generate identical persistence of the real exchange rate.
Assuming  =0, rewrite (1) as follows.
where   is the  th element of a and   denotes the ( ) th element of C. Subtracting the second equation from the first one, we get the following.
Pretest Results
In this section, we test the cointegrating relation between   and  . When the cointegrating vector is known, the most straightforward way to verify the PPP hypothesis is to perform unit root tests on the real exchange rate   (Froot and Rogoff, 1995) .
We first implement unit root tests for the current float monthly CPI-based real exchange rates (  ) with the US dollar as the base currency. 5 The Augmented Dickey-Fuller (ADF) test does not reject the null of nonstationarity for any country. More powerful DF-GLS test (Elliott et al., 1996) rejects the null only for 5 out of 17 countries, France, Germany, Italy, the Netherlands, and Norway. Further, lag selection criteria for each test often choose one lag, which implies that univariate models may be good enough for the purpose of measuring convergence speeds as is shown in previous section. 6 Next, we test the unit root hypothesis with the long-horizon annual data for nominal exchange rates and CPIs. We use Taylor's (2002) over 100-year long data for the 15 developed countries. 7 The sample period is from 1880 to 1998 for all countries. We report the results in Table 1 .
The ADF test rejects the unit root null for 10 out of 15 countries. With the DF-GLS test, we are able to reject the null for one additional country, Australia. Further, all chosen 's are greater than zero, which implies that the VECM may be more useful than the univariate method regarding estimations of real exchange rate persistence. 8 In what follows, we focus on these 11 countries for our anlaysis. nominal exchange rate shock (   )a n dan e g a t i v er e l a t i v ep r i c es h oc k(   ), that result in a positive shock to real exchange rate. Using conventional impulse-response analysis, we decompose the dynamic reversion path of the real exchange rate towards its long-run equilibrium into the relative price and nominal exchange rate adjustments.
We rewrite (2) as in the following level VAR( +1)f o r m .
where
Then, under some regularity conditions, the following recursive relations hold (Pesaran and Shin 1996) ,
which measures the (cumulative) effects of u  on the levels of y + .
Assuming that C is an upper-triangular matrix obtainedb yt h eC h o l e s k yd e c o m p o s i t i o no ft h e variance-covariance matrix, the impulse-response functions are given as follows. Finally, we measure the relative contributions of relative price and nominal exchange rate adjustments at time  +  when a shock occurs to relative prices at time  as follows. 9
The relative contributions of the variables when there is a nominal exchange rate shock can be similarly obtained.
In Table 2 , we report relative contribution estimates as well as their standard errors for  =1  3 5
and 10. We also report estimated impulse-response functions in Figures 1 and 2 to help understand the results in Table 2 . We note that our response functions exhibit substantial roles for the relative price compared with those reported by Cheung et al. (2004) using the current float data. We find that no variable plays a dominant role in the PPP reversion toward its long-run equilibrium value whichever shock occurs. It should be also noted that response functions often exhibit hump-shaped dynamics especially when there is a relative price shocks. We revisit this issue in the following section. 
and ∆  () have the same sign. When they share the same sign, say, both negative,   () is not bounded by 1 even though   ()+  ()=1by construction. Our method does not have such problems and when ∆  () and ∆  () have different signs, our measure coincides with their measure. 10 Standard errors were obtained by 10,000 nonparametric residual-based bootstrap simulations at the point estimate for each country. 
Speed of Adjustments and Hump-Shaped Responses
We report our point estimates for the persistence parameters in (1) along with 95% nonparametric confidence intervals in Table 3 . Corresponding half-life estimates and associated 95% confidence intervals are reported in Table 4 . Overall, we obtain quite strong evidence of nominal exchange rate and relative price adjustments toward PPP. All  1 and  2 estimates exhibit correct signs with an exception of Italy when there is a relative price shock.
Cheung et al. (2004) report a surprising empirical finding with regard to the adjustment speeds of the nominal exchange rate and the relative price when a nominal exchange rate shock occurs. They report faster convergence rates for the relative price than that of the nominal exchange rate, which seems to be at odds with the conventional sticky price model. Putting it differently, their results imply that the sluggish reversion rate of real exchange rates are mainly due to slow adjustments of the nominal exchange rate. Engel and Morley (2001) provide similar evidence and argue that the real puzzle is why nominal exchange rate converges so slowly.
We note that Cheung et al. (2004) report half-life estimates only when there is a nominal exchange rate shock. They did that because they find that the nominal exchange rate plays a dominant role for real exchange rate dynamics when the current float data is used. As can be seen in Table 2 , we find no dominant role of the nominal exchange rate when we use Taylor's (2002) century-long data. So we report half-life estimates for both cases.
With nominal exchange rate shocks, we find fairly similar results as those reported by Cheung et al. (2004) . That is, we find slower adjustment rates of the nominal exchange rate than the relative price for 10 out of 11 countries. However, the magnitude of changes in relative price toward the long-run equilibrium was much larger than that of Cheung et al. (2004) with the current float monthly frequency data.
When there is a (negative) relative price shock, we find more sluggish convergence rates for relative prices than nominal exchange rates for 6 out of 11 countries. It should be noted that hump-shaped responses are often observed for both the nominal exchange rate and the relative price when relative price shocks occur. Such responses are known to result in delayed overshooting (Eichenbaum and Evans, 1995) or persistent deviations of the real exchange rate (Steinsson, 2008) . We also find it challenging to measure half-lives of the nominal exchange rate and the relative price by a conventional method.
Especially, the half-life metric may be quite misleading when the response function exhibits humped dynamics, because it is not clear when the deviation adjusts half-way to its long-run equilibrium. For example, the half-life of the relative price adjustment would be quite different if we measure the half-life since the peak of its response after 3 years (see Figure 1 .e) instead of the initial size of the deviation as is conventionally done.
Tables 3 and 4 about here
We note that relative price shocks tend to result in longer deviations of real exchange rates than nominal exchange rate shocks. For example, the half-life estimate is longer for 8 out of 11 countries in response to the relative price shock than to the nominal exchange rate shock. Steinsson (2008) , in a fully microfounded model, explains that such prolonged responses are mainly due to hump-shaped dynamics in response to an array of real shocks such as productivity shocks, government spending shocks, and cost-push shocks, while monetary shocks fail to generate humped dynamics of the real exchange rate. His modified sticky price model is able to match observed persistence of the real exchange rate when there's a real shock, which motivates us to investigate the existence of hump-shaped responses in our VECM.
In addition to the half-life (HL), the conventional measure of persistence, Steinsson (2008) proposes two measures of hump-shaped responses, the up-life (UL) and the quarter-life (QL). UL denotes the largest  such that ( − 1) ≥ 1 and ()  1where () is the -period ahead response function.
Likewise, QL denotes the largest  such that ( − 1) ≥ 025 and ()  025. When UL = 0, there's no hump-shaped dynamics. Another interesting measure is the ratio of UL and HL, which is bounded by 0 and 1. When UL/HL is close to 1, the real exchange rate stays longer above the initial response before it falls below that. The other measure is about the monotonicity of convergence. If deviations die out at a constant rate without humped dynamics, HL should equal to QL minus HL. In other words, 2H -QL can be viewed as a measure of the degree of hump-shaped responses.
We report estimates for UL and QL in Table 5 . Then, we construct these two measures of humpshaped responses with some statistical inferences via 10,000 nonparametric bootstrap simulations (see Table 6 ).
We first note, for 9 out of 11 countries, UL is shorter for the nominal exchange rate shock than for the relative price shock. Further, QL estimates are longer for the relative price shock for 8 out of 11 countries. These results strongly support finding of Steinsson (2008) when we interpret the nominal exchange rate shock and the relative price shock as the monetary and the real shock, respectively, as in most conventional open macroeconomics models.
In addition to the point estimates for UL/HL and 2HL -QL, we provide two frequency statistics for UL/HL = 0 (pc  )a n d2 H L-Q L 0( p c  ), which is consistent with no hump-shaped response. 11 Note that pc  and pc  are less with the relative shock for 8 and 7 out of 11 countries, respectively, which is again consistent with Steinsson's (2008) results. Tables 5 and 6 about here Lastly, we also implement the variance decomposition analysis, and report the results in Table 7 . As before, we obtain the standard errors from 10,000 nonparametric residual-based bootstrap simulations.
One of the most notable findings is that the nominal exchange rate plays virtually no role in explaining relative price variations, while relative prices serve as an attractor for nominal exchange rates for many countries especially in the intermediate-to long-term with exceptions of Australia, Germany, and the Netherlands. For the UK, for instance, the nominal exchange rate explains less than 5% of the relative price forecast variations, while the relative price explains about 78% and 65% of the nominal exchange rate variations in 5 and 10 years, respectively. These findings again corroborate a non-negligible role of the relative price in real exchange rate dynamics.
Insert Table 7 11 For example, p c  denotes the number of no hump-shaped responses out of 10,000 bootstrap simulations.
5C o n c l u s i o n
This paper investigates the relative contributions of nominal exchange rate and relative price adjustments toward PPP in a VECM framework. Using over hundred-year long data for 11 currencies against the US dollar, we find that relative price adjustments play an important role in real exchange rate dynamics, especially when real shocks occur.
Our results sharply contrast with those of Cheung et al. . ii) For the Augmented Dickey-Fuller tests, the numbers of lags were chosen by the general-to-specific rule (Hall, 1994) . iii) For the DF-GLS tests, the modified Akaike Information Criteria (Ng and Perron, 2001) was employed. iv) For the DF-GLS tests,   denotes the GLS detrended real exchange rates. v) 
N o m i n a lE x c h a n g eR a t eE q u a t i o n R e l a t i v eP r i c eE q u a t i o n ii) The numbers of lags () were chosen by the general-to-specific rule (Hall, 1994) . iii) The 95% confidence intervals were obtained by getting 2.5% and 97.5% percentiles from 10,000 residual-based bootstrap simulations (Efron and Tibshirani, 1993). ii) The numbers of lags () were chosen by the general-to-specific rule (Hall, 1994) . iii) Half-Life estimates were obtained from the impulse-response functions. iv) The 95% confidence intervals for the half-life estimates were also obtained by 2.5% and 97.5%
percentiles from 10,000 residual-based bootstrap simulations (Efron and Tibshirani, 1993). ii) The numbers of lags () were chosen by the general-to-specific rule (Hall, 1994) . iii) UL and QL denote the up-life and the quarter-life of the real exchange rate (Steinsson, 2008) . When UL/HL  0, there's a hump-shape response. When HL  QL -HL, the half-life is larger than the quarter-life, which is consistent with a hump-shape response. iv) The standard errors were obtained from 10,000 residual-based bootstrap simulations. v) pc  and pc  denotes ratios of the cases, UL/HL = 0 and HL  QL -HL, out of 10,000 bootstrap sample. That is, when the number is smaller, there is weaker evidence of hump-shape responses. 
